Bismuth doped yttrium niobate (YNbO 4 :Bi) is a potential blue phosphor for field emission displays application. It is observed after introducing Bi ions that cathodoluminescence efficiency of YNbO 4 :Bi becomes lower than that of YNbO 4 . From the calculations of critical distance (R C ) of energy transfer and Huang-Rhys parameter (S HR ) of YNbO 4 :Bi, it is found that the energy transfer by a dipolar-type interaction is unlikely compared with that of a short-range interaction possible in the luminescence of YNbO 4 :Bi. Thus, it is believed that the luminescence property of YNbO 4 :Bi is mainly affected by the host lattice YNbO 4 having self-luminescent NbO 4 3Ϫ complex. By time-resolved spectroscopy, it is found that luminescence characteristics of activator Bi 3ϩ in YNbO 4 :Bi shows a charge-transfer behavior.
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I. INTRODUCTION
Field emission display ͑FED͒ is developed as one of potential flat-panel-display technologies. And oxide-based phosphors have been studied to see whether they meet the requirements of phosphors used in FED. For instance, SrTiO 3 :Pr is suggested as a red phosphor and ZnGa 2 O 4 :Mn is suggested as a green phosphor. 1, 2 Recently, bismuth doped yttrium niobate (YNbO 4 :Bi) was presented as a potential blue phosphor for FED application. 3 Although there are many fundamental studies on the luminescence of bismuth compounds, there are very few studies on the application of the bismuth compounds to the FED application. 4 -6 The electronic configuration of activator Bi is composed of the ground state 6s 2 and the first excited state 6s6 p. 7 The main emission band appears 3 P 1 → 1 S 0 which is spin forbidden but has nevertheless a reasonably high oscillator strength ( P A Ϸ0.1).
8 When phosphors are doped with Bi as an activator, the position of main band varies depending on the nature of a host lattice. Also, in phosphors of YNbO 4 are doped with rare-earth ions ͑Re͒, there is some degree of coupling between NbO 4 3Ϫ and the rare-earth ions. 9 For is known as a self-luminescent complex, and a charge transfer is involved in its luminescence. 10 Therefore, depending on the nature of its activator ion, the YNbO 4 :Re shows emission originated from a rare-earth ion in the case of strong coupling with NbO 4 3Ϫ and the emission intensity originated from the rare-earth ion ͑Re͒ decrease as the coupling becomes weak.
The original aim of this article is to the increase cathodoluminescence ͑CL͒ intensity of YNbO 4 :Bi by using a codoping of the lattice with various ions ͑mostly trivalent ions͒. According to our unpublished results, the CL intensity of YNbO 4 :X increased by a small amount for the case of XϭAl, Ga.
11 But by introducing a Bi, the CL intensity of YNbO 4 :Bi,X decreased. In this article, we have investigated the luminescence channel of YNbO 4 :Bi by an aid of timeresolved spectroscopic method. The detailed mechanism of the luminescence of YNbO 4 :Bi is presented.
II. EXPERIMENTAL
To synthesize YNbO 4 :Bi, Y 2 O 3 ͑99.99%, Aldrich͒ and Nb 2 O 5 ͑99.99%, Aldrich͒ were used as raw materials. Bismuth was doped from Bi͑NO 3 ͒ 3 •5H 2 O ͑99.999%, Aldrich͒. The three components were mixed, ball milled more than 12 h to increase a homogeneous doping, and sintered in air. Due to the volatility of Bi, the synthesis was optimized at 1200°C for 4 h. 12 Photoluminescence ͑PL͒ was measured by a singleshot measurement with a Perkin-Elmer LS 50 luminescence spectrophotometer and a continuous wave ͑CW͒ mode measurement was done at 300 W. When the PL was measured by single-shot mode, Xe-arc lamp was on for 1 s at the 10 ms duration time. CL was measured at an excitation energy of 500 eV and a beam current density of 40 A/cm 2 , and also at 1 keV with the same current density by using a Kimball Physics FRA-2X1-2/EGPS-2X1 electron gun system, respectively. The CL experiment was conducted at a vacuum level of 2ϫ10 Ϫ6 Torr. All measurements were conducted on powder samples. Figure 1 shows the PL spectra of YNbO 4 It is noticed after introducing a Bi that the emission peak shifted to the longer wavelength as shown in Fig. 1 . The doping concentration of Bi was set at 1 mol %, which shows a maximum emission intensity for PL. However, from the result of Ref.
III. RESULTS AND DISCUSSION
6, YNbO 4 :Bi showed a maximum CL intensity when Bi was doped at 0.5 mol %. Figure 2 shows the CL spectra of YNbO 4 and YNbO 4 :Bi obtained by the excitation energy of 500 eV and 40 A/cm 2 . The main emission peaks of CL occur at the same wavelengths as the main peaks of PL. However, the CL intensity of YNbO 4 :Bi is lower than that of YNbO 4 . That is, introducing the Bi lowered the CL efficiency. To understand the origin of this phenomenon, we attempted to decipher the cathode-ray phosphor efficiency of YNbO 4 :Bi. The power efficiency of phosphor was substituted by the following figure of merit ͑F.O.M͒:
where A area under the spectrum of phosphor instead of luminance, j current density ͓A/cm 2 ͔, V applied voltage ͓V͔. From Eq. ͑1͒, the efficiencies of YNbO 4 :Bi are 73% and 85% when excited at 500 eV and 1 keV compared with the corresponding one of YNbO 4 4 :Bi better, a pulse-excitation-timeresolved PL was performed. A pulsed excitation was conducted at 0.1% duty cycle with 10 ms duration time. And, time-resolved PL emissions were measured at 10 and 100 s after the first single shot within the pulsed excitation. Figure  4 shows the time-resolved excitation and emission spectra of YNbO 4 ͓Fig. 4͑a͔͒ and YNbO 4 :Bi ͓Fig. 4͑b͔͒ with no time delay, respectively. In the excitation spectra, the peaks at about 227, 244, and 256 nm occurred for both YNbO 4 and YNbO 4 :Bi. And the peak at 304 nm in the case of YNbO 4 seemed to be shifted to 310 nm when the host lattice was doped to be YNbO 4 :Bi. But the peak at 277 nm occurs only in the case of YNbO 4 :Bi. The emission spectra that were excited with a shorter wavelength than 256 nm showed the main peaks at about 404 nm for YNbO 4 ͓Fig. 4͑a͒; a to c͔. And the emission spectrum excited with 304 nm showed the main peak at 444 nm for YNbO 4 ͓Fig. 4͑a͒; d͔. However, the emission spectra excited with shorter wavelength than 277 nm showed the main peaks at about 430 nm for YNbO 4 :Bi ͓Fig. 4͑b͒; a to c͔. And the emission spectrum excited with a longer wavelength than 277 nm showed the main peaks at 444 nm for YNbO 4 :Bi ͓Fig. 4͑b͒; e to f͔.
The spectral shapes of the time-resolved PL peaks measured at 10 s after excitation were the same as those of the pulsed-excitation spectra with no time delay. However, the spectral shapes measured at 100 s after excitation showed interesting results. The emission intensities of YNbO 4 significantly decreased after 100 s. However, the emission intensities of YNbO 4 :Bi decreased somewhat and the emission peaks were located at the wavelength of 444 nm regardless of excitation wavelengths used in the experiment. Also, the emission intensities excited with shorter than the wavelength of 256 nm is larger than those excited with longer than the wavelength of 277 nm. Figure 5 shows the time-resolved PL spectra of YNbO 4 ͓Fig. 5͑a͔͒ and YNbO 4 :Bi ͓Fig. 5͑b͔͒ detected at 100 s after single-shot excitation. Judging from the Fig. 5 , absorbed energy or a charge in the host lattice are transferred to the activator Bi in the emission process of YNbO 4 :Bi.
To distinguish the activator-excitation mode, the luminescence intensities were measured at various activator concentrations. If the activator ions are excited directly by the excitation sources, the slope of the intensity versus activator concentration curve ͑I -C curve͒ should be unity at a logarithmic plot. But, if the activator is excited indirectly, the slope would be less than unity. 13 In the measurements, the wavelength used for PL excitation was 256, 277, or 314 nm and the source was operated in CW mode, and for the CL electron energy of 500 eV or 1 keV was used. Figure 6 shows the I -C curves of YNbO 4 :Bi. From Fig. 6 , the slope of PL excitation is approximately 0.31. And it seems that there is a crystal size effect around 0.01 mol % doped Bi in the cases of CL, 13 since normally, the slopes of I -C curves are similar for both PL and CL before crystal size effect occurs. Therefore, the activator Bi in YNbO 4 :Bi was not activated directly. And the slope of 0.31 is a small value compared to the normal value of 0.66, which has been known for the case of indirectly excited phosphors. This means that the activator efficiency was low in the case of YNbO 4 :Bi. And the luminescence was quenched at a concentration larger than 0.5 mol % doped Bi for CLs 6 and 1 mol % doped Bi for PLs, as shown in Fig. 6 . 4 and YNbO 4 :Bi ͑1 mol %͒ obtained by pulseexcited mode. ͑a͒ YNbO 4 ͓͑a͒ to ͑d͔͒: Emission spectra excited by given wavelengths. ͓͑e͒,͑f͔͒: Excitation spectra related to the emissions at given wavelengths. ͑b͒ YNbO 4 :Bi ͓͑a͒ to ͑f͔͒: Emission spectra excited by given wavelengths. ͓͑g͒,͑h͔͒: Excitation spectra related to the emissions at given wavelengths. 4 and YNbO 4 :Bi ͑1 mol %͒ by a single-shot excited mode. The emission spectra were detected after 100 s. ͑a͒ YNbO 4 ͓͑a͒ to ͑d͔͒: Emission spectra excited by given wavelengths. ͑b͒ YNbO 4 :Bi ͓͑a͒ to ͑h͔͒: Emission spectra excited by given wavelengths.
FIG. 4. PL spectra of YNbO

FIG. 5. PL spectra of YNbO
To understand the transfer mechanisms, it is useful to know the critical distance for energy transfer, which can be calculated from Dexter's formula for energy transfer by electric dipole-dipole interaction, and Huang-Rhys parameter connected with Stokes' shift. First, the critical distance (R C ) originated from Dexter's theory is given by
where R C critical distance of energy transfer between sensitizer ͑S͒ and activator ͑A͒ defined as a distance for which the probability of transfer equals the probability of radiative emission of S, and Q A related to the oscillator strength ( P A ) of the transition by Q A ϭ4.8ϫ10 Ϫ16 P A 2 .
14 The integral term is the spectral overlap of f S (E) and f A (E), which represent the normalized shapes of emission of S ͑here YNbO 4 ͒ and excitation of A ͑here, Bi doped YNbO 4 ͒, respectively. And we used a crossing point value of two curves in calculating E Ϫ4 term. To calculate the critical distance (R C ), the emission spectrum of YNbO 4 and excitation spectrum of YNbO 4 :Bi were normalized and replotted in Fig. 7. In Fig. 7 , the spectral overlap was estimated as an area of triangle (0.5ϫheightϫwidthϭ3.15ϫ10
Ϫ3 eV Ϫ1 ) formed by tangential lines at crossing point of two curves and Wavelength axis. The spectral overlap is more precisely represented as Gaussian-shaped function. Since the spectral overlap is preportional to the sixth power of R C , any overestimation of triangular area up to twice large one leads to only 9% error of R C . If inserting the values in Eq. ͑2͒, the critical distance was estimated to be 9.1 Å.
Also, it is possible to obtain the critical distance (R C ) from the data of concentration quenching for luminescence. In this case, the critical distance (R C ) is equal to the average shortest distance between the nearest activator ions for critical concentration (X C ). The critical distance from concentration quenching is given by
where V; volume of unit cell, X C ; critical concentration of activator ion before luminescence quenching, and N; number of cations in the unit cell. 14, 15 In the case of YNbO 4 :Bi, X C ϭ0.01 for PL and X C ϭ0.005 for CL from Fig. 6 , V ϭ295.2 Å 3 and Nϭ3. 16, 17 If inserting the values in Eq. ͑3͒, the R C ϭ22 Å for PL and R C ϭ33 Å for CL.
In the calculations, the critical distance (R C ) obtained using the critical concentration is larger than that obtained by using dipolar interaction model. However, the critical distance (R C ) obtained using the critical concentration involves the whole possible interactions to be possible between S and A. Thus, if the activating volume of luminescence in phosphor considered, the ratio of energy transfer possible by dipolar interaction type to the whole possible interaction is (9.1/22) 3 for PL and (9.1/33) 3 for CL, respectively. That is, the energy-transfer rate by dipolar-interaction type is at most 7% of total activating volume in the luminescence of YNbO 4 :Bi. When we check the CL efficiency as mentioned, the decreases of CL efficiency in YNbO 4 :Bi are 27% at 500 eV and 15% at 1 keV compared with those of YNbO 4 scaled as unity for CL experiments. Thus, there must be a different energy transfer mechanism than a dipolar-type interaction such as a short-range interaction.
Second, Huang-Rhys parameter (S HR ) was calculated. Huang-Rhys parameter was connected with Stokes shift and given by
where S HR Huang-Rhys parameter, ⌬E S Stokes shift, vibrational frequency. 18 To obtain the , force constant k, and reduced mass mЈ of YNbO 4 are needed. 19 Since there was no published values of k and mЈ for YNbO 4 , we adopted the Debye frequency as . Both vibrational frequency and Debye frequency are originated from the same elastic mode of solids. The adopted frequency was 10 14 /s, which is an upper limit of vibrational frequency of YNbO 4 . From Fig. 1 , the Stokes' shift ⌬E S was obtained as 9.3ϫ10 3 cm Ϫ1 . If inserting the values into Eq. ͑4͒, the least value of the HuangRhys parameter S HR Ϸ9(Ͼ5) was obtained. The case of S HR Ͼ5 is a strong electron-phonon coupling case, so that the probability of energy transfer to Bi is nearly impossible. 20 As expected from the Fig. 1 ͑or Fig. 7͒ , there is a very small spectral overlap between excitation and emission spectra, which suggests a low probability for energy transfer. 21 From the consideration of critical distance, Huang-Rhys parameter and time-resolved PL, the energy transfer by a dipolar-type interaction is estimated to be very small compared with that of possible short-range interaction in the luminescence of YNbO 4 :Bi. The luminescence characteristics are mainly affected by the host lattice YNbO 4 having selfluminescent complex, and it is very likely that the energy from the excitation source excited the self-luminescent NbO 4 3Ϫ complex first. Subsequently, the charge is transferred to the activator Bi in less than 100 s with lowered efficiency.
To summarize the result, the luminescence mechanism of YNbO 4 :Bi could be represented on a configurational coordinate diagram ͑CCD͒. The result from the Ref. 22 shows that valence band of YNbO 4 :Bi is composed of the mixed O 2p and Bi 6s. And the conduction band minimum consists of Bi 6 p. The Bi 6p locates at a lower energy than that of Nb 4d. Thus, the electron in the O 2p is excited to Nb 4d and an emission occurs at 404 nm when the excited one is returned to the ground state in the case of the YNbO 4 . However, when introducing a Bi, and using the excitation energy larger than the wavelength of 277 nm, the excited 4d electron is transferred to Bi 6s6p by charge transfer. And, 6s6 p→6s 2 transition makes the emission at 444 nm. Figure  8 shows the suggestion for the CCD of the luminescence of YNbO 4 :Bi.
IV. SUMMARY AND CONCLUSIONS
We have investigated the YNbO 4 and YNbO 4 :Bi by using PL and CL measurements. From the calculations of critical distance (R C ) for energy transfer and the Huang-Rhys parameter (S HR ) of YNbO 4 :Bi the energy transfer by dipolar-type interaction is found to be small compared with that of possible short-range interaction, in the luminescence of YNbO 4 
